Over the past 5 years, many articles were published concerning the prediction of high risk of mortality in apparently healthy adults, echoing the first description in 2011 of the Smurf phenotype, a harbinger of natural death in drosophila.
INTRODUCTION
Ageing is a major source of concern for human beings. We all undergo its damaging processes, yet it does not affect all of us equally. In a similar way, although several organisms are affected by ageing, not all organisms age the same way [1 & ]. We first need to define ageing to understand its nature. A commonly accepted definition of ageing describes it as a progressive worsening of organismal function leading to increasing age-specific mortality [2] . The success of this definition probably comes from the fact that we all, as human beings, observe an apparently progressive decay of our cognitive and physical capabilities as well as many of our visible features. Although this definition is still strongly rooted in the mind of gerontoscientists as well as the general public, recent data suggest that a more dramatic transition might occur during ageing. With the ability to detect such a transition comes the possibility to divide a population into its component subpopulations characterized by different instant mortality risks. With the identification of highly stereotyped physiological and/or molecular signatures comes the notion that end-of-life may be programmed and therefore predictable. These recent changes strongly affect the way we consider and study ageing. This review aims at highlighting these changes.
Defining ageing influences how we study it
As humans, we have built our understanding of ageing on simple day-to-day observations. We see an apparently progressive decrease of our own intellectual and physical capabilities, a progressive greying of our hair and wrinkles lining our faces. As such, the way ageing is described in the literature mostly refers to it as a continuous and progressive phenomenon. In their 2000 article entitled 'Why do we age?'', Kirkwood and Austad [2] define it as ''a progressive worsening of organismal function leading to increasing age-specific mortality'. According to this definition, the general approach for studying ageing involves comparing groups of individuals from different chronological ages. Individuals of a same chronological age are then considered all equivalent (biological replicates). This approach for studying ageing has led to the description of hallmarks of ageing progressively changing with chronological age [3] [4] [5] [6] [7] [8] . Although we cannot exclude that some changes occur progressively during ageing, all individuals of the same chronological age are not equivalent in terms of physiological age. This leads to significant changes of the ageing paradigm and to the way we study ageing.
Ageing as a two-phase process in model organisms
Instead of being a continuous decrease of organisms' capacity to cope with environmental challenges, recent findings suggest that ageing appears to occur through at least two distinct and consecutive phases separated by a dramatic transition. A phenomenon named 'spiral of death' was described in 2009 using drosophila [9] . This initial study predicted incoming mortality in female flies using fertility measurements, with a sharp decrease in fertility prior to death as opposed to a progressive decrease. The same authors later slightly elaborated on this phenomenon [10] .
In 2011, a new age-related physiological phenotype was described for the first time, allowing for the identification of two subpopulations of Drosophila melanogaster of both sexes at any time point during the ageing process [11] . The phenotype is an in-vivo permeabilization of the intestine to a nontoxic blue food dye. Because the individuals become fully blue, I dubbed this phenotype 'Smurf'. In 2012, we showed that Smurf individuals were the only showing a high level of inflammation, loss of energy stores, low spontaneous mobility as well as a high risk of impending death [12] . We recently discovered that both male and female Smurfs show a dramatic decrease in fertility (Fig. 1 ). Prior to this seminal work, inflammation [13] , energy stores and mobility [14] were described as being progressively and continuously affected by age. More strikingly, the Smurf phenotype is a strong predictor of impending death independently of the chronological age of individuals [12, 15 && ]. We proposed a model of ageing in which the latter is a process consisting of at least two consecutive and distinct phases. Among these phases, only phase 2 is associated with the so-called 'age-related phenotypes' of which impending death is probably the most striking. Not only is this new theoretical framework supported by experimental data, but also by a mathematical model (dubbed the '2PAC' model) which describes longevity curves and allows for the reinterpretation of previously published ageing data such as gene expression analysis [15 && ]. Furthermore, in 2016, we extended this 2-phase ageing model to other model organisms including different drosophila species, Caenorhabditis elegans,
KEY POINTS
Ageing in two consecutive and distinct phases is evolutionarily conserved.
Known hallmarks of ageing are not progressively affected by age but dramatically as individuals enter phase 2 of life.
The phase 2 of life is molecularly and physiologically stereotyped.
The recent literature describes multiple predictors of 5-year all-causes mortality in humans.
Studying human ageing using the 2-phase model of ageing would allow a better understanding of frailty in humans. FIGURE 1. Mid-life fertility of both males and females either Smurf or not. Non-Smurf individuals (ns) are more than 75% fertile when only less than 9% of Smurf (s) individuals are. The samples were compared using a binomial test as the independent flies showed binary outcomes (fertile/nonfertile).
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Nothobranchius furzeri (unpublished preliminary work with Dr Christel Lefrançois) and Danio rerio Fig. 2 ). At the exception of N. furzeri, we demonstrated that these organisms show the three most striking Smurf properties:
(1) an age-dependent linear increase in individuals' risk of intestinal 'leakage' (Smurfness) (2) Smurfness is a harbinger of death (3) Smurfness duration is mostly uncorrelated with chronological age
This study, showing a broad evolutionary conservation of a 2-phase ageing model, echoes older studies that suggest an age-dependent increase of intestinal permeability in baboons [17] , rats [18] and in critically ill humans [19] .
Predicting high risk of impending death in ageing research
Defining ageing not as one continuous phenomenon but as a 2-phase process allows us to develop new original approaches for studying ageing.
Firstly, the 2PAC model we proposed [15 && ] to study longevity curves replaces the classical Gompertz and Weibull models parameters that are difficult to interpret [20] [21] [22] by three easily interpretable parameters that can be estimated experimentally:
(1) a: the rate of increasing risk for transition from phase 1 to phase 2 (Smurf individuals) (2) b: the tolerance of the organisms to the Smurf transition (3) k: the mortality rate per se in phase 2 Thanks to this model, it is now possible to measure experimentally which parameter of ageing is affected by a given genetic/pharmacologic/environmental intervention modifying longevity. Interestingly, it is possible to use this model to reanalyze previously published data by assuming that the k parameter is equal to previously published estimates for drosophila from different genetic backgrounds [15 && ], or by scaling it up for other organisms assuming it is constant throughout life.
Secondly, as Smurf individuals are in a predeath phase of life that is physiologically stereotyped, individuals in this phase would hypothetically show a characteristic 'end-of-life transcriptional signature'. We identified such a signature thanks to an RNA sequencing of individuals from different chronological ages, either in the Smurf phase or not. The preliminary result obtained by principal component analysis shows that the Smurf state constitutes a large part of the effect observed in RNA samples, this effect being stronger than that of chronological age (Fig. 3a,  b) . It is significant that five hours after the Smurf transition, individuals have already acquired the transcriptional identity of a Smurf. This suggests that we can identify genes specifically associated with the high risk of impending death showed by individuals in this 'end-of-life phase', as well as genes whose expressions are modified prior to that transition. This study, currently in progress in the laboratory, also implies that at least the predeath part of the ageing process is molecularly stereotyped, if not programmed. Interestingly, the absolute number of genes differentially expressed in Smurfs and nonSmurfs decreases with chronological age. This suggests that the older individuals get, the closer they are to entering phase 2 (Fig. 3b, c) . It is a molecular equivalent of the chronological age-dependent increase of an individual's probability to become a Smurf. Whether these changes can predict the entry in the Smurf phase is under investigation. FIGURE 2. Evolutionary conservation of age-related intestinal permeability. From invertebrate to vertebrate model organisms, we showed an increasing proportion of individuals with an increased intestinal to the food dye blue #1. In addition, we showed that this phenotype is a harbinger of death in multiple drosophila species, in nematodes as well as the zebrafish. (with permission from [16] under the CCBY licence).
Towards accepting the existence of two discontinuous phases of ageing in humans?
In the past few years, a series of articles based on human studies have shown results that may be relevant to this two-phase ageing model. These studies analyse phenotypes ranging from physical abilities to molecular signatures in ageing humans.
Although data associated with physical abilities are difficult to separate from confounding factors such as accidents owing to functional impairments, the advantage of such measurements is their cost-efficiency and relatively low technical requirements for acquisition. In 2010, a systematic quantitative review of the literature was published, studying associations between objective measures of physical capability (grip strength, walking speed, chair rising and standing balance times) and mortality in community dwelling populations [23] . This meta-analysis showed that grip strength (hazard ratio ¼ 1.17, IC95 ¼ 1.10-1.25), walking speed (hazard ratio ¼ 2.87, IC95 ¼ 2.22-3.72) and chair raise speed (hazard ratio ¼ 1.96, IC95 ¼ 1.56-2.45) were significant predictors of the mortality risk. Interestingly, this meta-analysis identifies associations with all-causes mortality. In 2014, a PLoS One article [24] linked an altered sense of smell to a higher risk of 5-year mortality for all mortality causes (hazard ratio ¼ 3.37, IC95 ¼ 2.04-5.57). Strikingly, it has recently been shown that it is possible to predict among twins which one will die first using face-based age estimates [25] .
More recently, much effort has been put into identifying relevant molecular markers of physiological age, thanks especially to the use of large human cohorts. A large biomarker profiling using nuclear magnetic resonance spectroscopy based on 17 cardiovascular and noncardiovascular diseases, as well as of all-cause mortality. Inflammasome gene expression allows the stratification of 85þyear-old humans into two extreme states echoing the Smurf phenotype [27 & ]. Another interesting target for such physiological age markers is an epigenetic mark, the DNA methylation. Indeed, this mark plays a direct role in regulating gene expression regulation and has been shown to be affected by age in humans [28, 29] as well as in C. elegans [30] where transcriptional drift -the age-related dysregulation of gene expressions -rescue has been shown to postpone the onset of mortality [31] . In addition, this 'epigenetic clock' was shown to predict all-cause mortality from whole blood in the elderly [32] . This methylome clock maintains its predictive properties when studied in different ethnic contexts and sexes [33] .
Although these findings strongly suggest the existence of markers of physiological ageing which may be used to predict remaining lifespan, it is not yet clear whether these markers behave like the Smurf phenotype in flies. Indeed, in drosophila, there is a sharp transition between the two states we described, with multiple features occurring concomitantly. Whether such a sharp transition occurs in humans will require longitudinal studies of wellcontrolled human cohorts, based on the initial results from previous studies.
It is interesting to note that the predictive power of integrated phenotypes is stronger than that of molecular phenotypes (Fig. 4) . Although this might be due to technical differences associated with measurement noise and age of participants, it could be a sign that these integrated phenotypes occur much closer to death, thus naturally decreasing the uncertainty of the statistical association.
Predicting high risk of impending death in medicine and new ethical issues
Although these results allow us to identify strong predictors of impending death from natural causes, these studies are mostly correlative and do not bring new information about the underlying causes. Nevertheless, these markers allow for the identification of two subpopulations, each characterized by a significantly different risk of impending death from all causes. This, taken together with the fact that the currently identified, apparently unrelated markers correlate with a high 5-year mortality risk, lends credence to the hypothesis of programmed ageing in the late phase of life. This notion of a programmed ageing is still strongly debated [34 & ]. If so, apparently unconnected age-related diseases might simply be symptoms of this hidden programme.
Taking this into account will enable the proper study and identification of this programme in human beings. If such a programme exists and if previously discussed markers of physiological ageas well as those still to discover -are measurable symptoms of this programme, then we can identify Cancer biology years in advance which part of the population is at higher risk of death. This would then allow to study the chain of events occurring in these individuals as well as design personalized care. Perhaps, this last phase of life is not curable. If so, identifying this phenotype may lead to reconsider current intervention strategies and to develop integrated, evidence based-programs for accompanying these end-oflife processes.
Indeed, between 63 and 87% of people 65 years old and above show a chronic condition [35] . The high healthcare cost of individuals in their last year of life, and/or affected by chronic diseases, is under scrutiny as estimates show that 'for the population aged 65 and over in 2002, 5% of patients in the last year of life generated approximately half the hospital expenditures for that age group' [36] . On the contrary, the palliative approach to treating end-oflife patients is shown to have beneficial effects for the patient and their family [37] , with even an improvement of short-term survival compared to classic care [38] .
Such diagnostic capabilities would come at a price. The ability to identify, a few years in advance -with large margin of error -whether a patient is at high risk of death would raise new important ethical issues: Would it be judicious to offer patients such analysis for better-adapted therapeutic options? How would the results be communicated to the patient? How would healthcare policy evolve under this new paradigm given the aforementioned economic concerns? How would it impact personal finances, such as health insurance and loan attributions? Undoubtedly, this will require a large public debate. Furthermore, we may expect strong demand for pharmacological treatments or preventive behavioural changes that would delay the onset of the latter phase of life. This implies a large effort in fundamental research to better understand the mechanisms involved in this transition. The use of model organisms with powerful genetic tools and already available theoretical frameworks will be invaluable in reaching this goal.
CONCLUSION
The link between multiple physiological and molecular phenotypes and impending death in a shortlived organism was a fortunate discovery. For longer lived organisms such as humans, the chain of events might be stretched in time, thus making it less obvious to connect the dots between multiple age-related phenotypes and impending death. If the research and medical communities take a common approach to the problem of ageing and agerelated diseases, we might be able to identify early events characterizing a subpopulation at risk of diseases and death from all causes in humans. Whether or not some of the chronic diseases that we try to treat today are only the phenotypes associated with a chronic state, somehow programmed, which precedes death, warrant an investigation. This may change the way we treat these patients, probably allowing for a greater allocation of health budgets towards palliative care for individuals diagnosed as being in the 'predeath' phase. This will modify our perception of ageing itself, as by becoming more predictable it will become less startling. Of course, being able to predict death raises deep ethical, legal and societal questions that will have to be addressed thoroughly in the coming years.
